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Chapter 1: Development of a method for emodin extraction and
quantification
Introduction:
Anthraquinones are a group of tricyclic aromatic hydrocarbons, often used in dyes. Emodin (1, Figure 1)
is one of the more common naturally occurring anthraquinones. Emodin is water miscible, is yellow in
appearance, and is known to be toxic to wildlife.1 In 2019, emodin was suspected to be present in
several ponds as a result of the decomposition of leaf litter from the invasive plant buckthorn (Rhamnus
cathartica).2 Emodin has been shown to cause abnormalities in amphibian embryo development such as
malformations and death, leading to the decline of their populations in contaminated areas. A
collaborator collected soil samples for determination of emodin concentration from ten ponds named
Rogue, Oak, Poison Ivy, Davids, Maybe, Ghost, Open, Roadside, Oak Grove, and Pollen Ponds. Herein, a
procedure was developed to compare different solvents for their ability to exhaustively extract emodin
from these soil samples and quantify its levels. For comparison, independent analysis of identical
samples was also carried out by Matt Robey, a Ph.D. student at Northwestern University.

Figure 1 – The structure of Emodin (1).
To date, no validated procedure has been published that exhaustively extracts emodin from soil for
quantification.3 Based on existing research on the extraction of organics from soil, it was determined
that emodin could possibly be extracted from soil with either ethyl acetate, methanol, or propanol. The
team of Malik et al4 used a successive three step Soxhlet extraction on plant roots using hexane,
chloroform, and ethyl acetate. They found that emodin was extracted in chloroform while emodin
glycoside was extracted in ethyl acetate. This procedure was exhaustive, but it was not an extraction
from soil nor was it scalable for the analysis of multiple samples.2 The team of Sacerdote and King
extracted and quantified emodin from soil. They evaluated the extraction efficiency of ethanol,
methanol, pentane, and benzene and found that benzene gave the most complete extraction at 20%
efficacy as evaluated by extraction from a spiked sample of soil. We felt a protocol that extracts emodin
incompletely would be less accurate and precise, particularly if soil composition and relative hydration
of the sample impacts the partition coefficient. Additionally, Sacerdote neither described their
procedure in detail nor provided any data on how reproducible this 20% efficiency was. Since we had
intended to quantify emodin by LC-MS spectroscopy, we sought references from the chromatography
literature for total extraction of organics from soil. The most informative reference we found was the
experiment conducted by Tfaily et al. in 2017.3 Their method involved sequential solvent extraction
from dry soil. They first added their most polar solvent, mixed to extract using a commercial mixer for a
set amount of time for reproducibility, centrifuged, and finally analyzed the supernatant by LC-MS. This
process was then repeated on the dried sample with increasingly less polar solvents. Their objective was
to devise an exhaustive LC-MS soil method modeled on metabolomics methods used on cell and tissue
samples. While their objective differed from ours, the framework of their method provided the best
starting point for complete extraction of a specific organic compound from soil. Herein, we describe
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development of a protocol for emodin extraction and quantification from soil based on the general
framework of Tfaily 2017.

Procedures
Sample Preparation
Approximately 25 mL of each soil sample was dried by lyophilization for three days and rocks were
removed before further analysis. A known mass of soil (approximately 1 g) was homogenized by grinding
with mortar and pestle and placed in a 2-mL microcentrifuge tube. Five replicate samples from each
pond were prepared. Ethyl acetate (1.200 mL) was added to each sample. These tubes were shaken at
2000 rpm for 30 minutes (Eppendorf MixMate shaker with tube holder accessory), then centrifuged for
5 minutes at 17,000 rcf. For each sample, 500 µL of supernatant was removed and filtered through a 0.2
micron PTFE Chromafil syringe filter (Machery Nagel). An additional 500 µL of ethyl acetate was pushed
through the filter to flush out any remaining emodin. The combined filtrates were evaporated to dryness
under vacuum, and each sample was then re-dissolved in 35.0 µL of 2-propanol. This solution was then
sonicated, centrifuged, and transferred to an HPLC sample vial for HPLC-UV analysis at 305 nm.
Emodin standards and standard curve
An emodin standard (2.339 mM) was prepared from solid emodin (Sigma) dissolved in absolute ethanol
(Sigma). Samples for the standard curve were prepared as a series of two-fold serial dilutions. All
standards were prepared in triplicate.
Evaluation of extraction efficiency
An emodin standard solution (2.000 mL of 2.339 mM, 114.9 µg of emodin) was diluted into 20.00 mL of
ethyl acetate using volumetric glassware. This solution was added to 10.000 g of dried outdoor topsoil.
After thorough mixing by swirling, the solvent was removed under reduced pressure. The residue was
redissolved in 70% ethanol and evaporation under reduced pressure was repeated until dry by
appearance. As a negative control, a similar sample of soil was treated with the same solvents, but
without addition of emodin. Portions of spiked soil and negative control soil (1.000 g) were treated by
the same sample preparation procedure described above except that four 500 μL aliquots were
sequentially flushed through the syringe filter and analyzed separately to determine how many flushes
would be required for the final procedure.
Analysis by HPLC
The instrument used for analysis was a Waters Acquity Ultra Performance Liquid Chromatography
instrument with a photodiode array detector. The method found to provide the best resolution was:
Acquity UPLC BEH C18 column (1.7 µm, 2.1x50 mm); mobile phase A was 20 mM ammonium acetate
with 5 mM ammonium hydroxide, mobile phase B was methanol, the flow rate was 0.4 mL/min, and the
gradient was 20%–100% B increased linearly over 4.75 minutes and held at 100% for 0.5 minutes. For
each sample, 5.00 μL was injected using the high precision full loop injection mode. Emodin has a
stronger absorption at basic pH, allowing for better sensitivity by UV-Vis detection at 305 nm. Using an
emodin standard with this method it was found that emodin had a retention time of approximately 3.8
minutes. Emodin peaks were quantified at 305 nm.
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Results
To quantify emodin extraction efficiency from soil samples, first a standard curve was required. Using a
known mass of emodin in ethanol we analyzed twofold dilutions in the HPLC to generate our standard
curve. Upon creating a standard curve (Figure 2) with this emodin we found that picograms of emodin
could be related to peak area using equation 1:

Mass of emodin (pg)

100000

10000

1000

100
1000

10000

100000

1000000

Area

Figure 2. Emodin standard curve. While samples with an emodin content greater than 50,000 pg are
linear, most ponds have an emodin content well below this that does not fall within the linear model and
require a polynomial equation to calculate instead. Twofold dilutions are used, starting at 38,125 pg. The
trendline equation is discussed in the text.
Picograms of emodin are used as the y axis so that the detection limit of 176.37 pg is factored into the
equation:
𝑚𝑎𝑠𝑠 = 1.2380𝑒 −18 𝑥 4 − 9.7020𝑒 −13 𝑥 3 + 2.3969 𝑒 −7 𝑥 2 + 0.0667𝑥 − 176.37

Equation 1

Where x is the peak area given by the HPLC and mass is in picograms. The R2 value for this equation is
1.000. Samples above 50,000 pg can be calculated with a simple slope intercept equation with an
R2 value of 0.9995:
𝑚𝑎𝑠𝑠 = 0.0890(±0.0004)𝑥 − 571.84(±65.54)

Equation 2

Using a known mass of emodin in commercial grade topsoil, a spiked soil sample was created. This soil
was then dried before extracting emodin. Emodin extraction was performed by adding ethyl acetate,
shaking the sample with a mixer, and centrifuging the sample. Before evaporating the combined solvent
and redissolving in isopropanol to analyze by HPLC, a portion of the supernatant was then pushed
through a 0.2 μm syringe filter to remove any solids that could damage the HPLC and an additional
aliquot of ethyl acetate was pushed through to flush residual sample from the filter. With this control
soil several different solvents were tested to examine how completely each could extract emodin. We
found no emodin when we used acetonitrile, Folch’s solution, or a 1:1 mixture of ACN:Isopropanol.
Some emodin was extracted with chloroform but it was less than what was extracted with ethyl acetate.
Ethyl acetate and isopropanol extracted comparable amounts of emodin, but their properties make
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them best for different stages of sample processing. Isopropanol was found to extract more compounds
from soil than ethyl acetate, including peaks that eluted close to emodin, reducing the potential
accuracy of HPLC peak integration. Although emodin was less soluble in ethyl acetate, extracts with this
solvent gave no interfering peaks. For these reasons, the samples were extracted with ethyl acetate and
our concentrated extract was redissolved in 2-propanol.
Finally, the efficiency of the extraction and sample recovery were evaluated by the experiment
summarized in Table 1. A soil sample (10.0 g) was spiked by the addition of an emodin standard solution
(12.0 mL) in the same proportions as the extraction procedure (1.200 mL to 1.000 g of soil). This was
rotovapped to dryness, hydrated with 1.0 mL of water to simulate the wet soil samples, and dried under
vacuum. A 1.000 g sample of this soil was treated with 1.200 mL of ethyl acetate. Next, the sample was
extracted on the shaker and centrifuged according to our extraction procedure. Also following the
procedure, 500 μL of the supernatant was filtered through a 0.2 μm syringe filter. The mass of emodin in
this filtrate was compared to the mass of emodin the soil was spiked with and found to be 96.3% of the
mass of the emodin standard solution, suggesting that at least 96.3% of the emodin that was spiked into
the soil was recovered by soil extraction and filtration. Additional washes of the filter with 500 μL of
ethyl acetate recovered additional emodin detailed in Table 1.
Table 1. Efficiency of emodin extraction and recovery procedures.
Sample
Standard solution
Filtrate

Mass of emodin in
% of Standard
5.00 μL injection (pg)† emodin present
180238
100.0%
173569

96.3%

First wash

9437

5.2%

Second wash

2438

1.4%

Third wash

1767

1.0%

Fourth wash
579
0.3%
Control soil
0
0.0%
† The mass was calculated from the area under the emodin peak at 305 nm using Equation 2.
An additional 5% of the initial emodin sample mass was released when the filter was flushed a second
time with 500 μL of ethyl acetate, and very little resulted from subsequent washes. The total does add
up to 104% but we believe this to be an accumulation of systematic error from rounding and instrument
precision over the number of samples measured. Most likely this was residual moisture from the solvent
that was not pushed through completely or solvent that may have evaporated leaving behind trace
amounts of emodin. The additional flush does not add much to the total amount of emodin extracted
and serves more as a way of preventing loss of a portion of the sample to the filter. This experiment
should be repeated to determine if pipette calibration factors may have led to the apparent error is total
recovered emodin. It would be more valid to compare the results of the extraction to a control with no
soil rather than the initial stock solution should be evaluated. Nonetheless, we believe that our
procedure recovers nearly 100% of emodin from soil, unlike prior methods published.
Two strategies were used to increase sensitivity for emodin detection. First, the samples were
evaporated to dryness and resuspended in a smaller volume, and second, the mobile phase pH was
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adjusted to maximize the intensity of the UV band to be quantified. Although ethyl acetate was most
successful at extracting emodin from the soil, samples that were evaporated to dryness were not fully
soluble in ethyl acetate at volumes less than 50 μL. Therefore, emodin was first extracted from the soil
with ethyl acetate, the solvent was then evaporated, and the sample was redissolved in a small volume
of 2-propanol. The intensity of the sample spectrum was then examined by HPLC at 305 nm as it is the
most intense band that has the lowest interference from other organics in the extracts. While this is true
in both acidic and basic conditions near this wavelength, it is more pronounced at the 308 nm maximum
in basic conditions. (Figure 3).5

Figure 3 Absorption spectrum of emodin at various pH.5 Figure reproduced from Cunha 2014, used
without permission.
Our HPLC spectra, shown in Figure 4 and Error! Reference source not found. indicate that the
absorbance of emodin around 300 nm is similar in base as in acid. Unexpectedly, neither condition
appeared to provide an advantage over the other. The pH of our ammonium acetate aqueous mobile
phase was 11.2. This value was selected because it was close to the absorbance maximum around 300
nm that Cuhna for water-methanol mixtures, which is more similar to the mobile phase when emodin
elutes and is measured by the UV-Vis detector on the HPLC than it is to the aqueous spectra presented
in Figure 3. Nonetheless, the actual spectrum in Figure 4 more closely resembles the pH 11.37 spectrum
presented in Figure 3. Although this doesn’t affect the quality of results this sensitivity parameter was
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not optimized as well as we assumed. Overall, a basic mobile phase was preferred because it gave a less
noisy baseline that could be integrated more accurately.

Figure 4 HPLC spectra of emodin standard using the mobile phase of the current method used in the
final measurements (20%–100% methanol in 20 mM ammonium acetate with 5 mmol ammonium
hydroxide).

Figure 5 HPLC spectra of emodin standard using 40%-100% 0.1% TFA and ACN. These acidic conditions
were found to have more noise than basic conditions.
Once the mass of emodin was determined from the integration of the peak at 308 nm using Equation 2,
the ppm (m/v) concentration was then calculated as pg/mL of soil using Equation 3. Of the initial 1.2 mL
of ethyl acetate 500 µL was filtered and evaporated to form the HPLC sample. The sample was redissolved in 35.0 µL of 2-propanol and 5.00 µL of sample was analyzed. To obtain the emodin present in
the original 1.2 mL sample the mass obtained from the 5 µL injection was multiplied by 35 μL/5 μL and
again by 1200 μL/500 μL to correct for the two portions of the whole sample, then divided by the mass
of soil and multiplied by 10-6 to obtain a mass/mass concentration of emodin per dry weight of soil in
units of ppm.
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑝𝑚) = (

35 1200
5 500

(𝑚𝑎𝑠𝑠 𝑖𝑛 𝑝𝑔)× ×

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑖𝑙 (𝑔)

) × 10−6

Equation 3
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Our analysis determined that emodin was present in every pond, ranging from a concentration of
0.012±0.005 ppm to as high as 0.4±0.2 ppm. Visual inspection of the peaks and their spectra supported
the assignment of even very small amounts detected as indeed being emodin rather than integrated
baseline or interfering peaks. The relative variation was generally low, with only Open and Pollen
providing an alarming error of 50% or more of the total. Rogue had a relatively high variation, but this is
believed to be due to the very low amounts of emodin present. The data is presented in Table 2. Matt
Robey’s data is provided for a comparison in both the table and in Figure 6,Figure 7, and Figure 8.
Table 2 Emodin Quantified in each Pond Compared with Matt Robey’s data.
Pond
Davids
Ghost
Maybe
Oak
Oak Grove
Open
Poison Ivy
Pollen
Roadside
Rogue

Ppm
0.197 ±0.08
0.206 ± 0.04
0.184 ± 0.05
0.068 ± 0.03
0.102 ± 0.04
0.279 ± 0.2
0.402 ± 0.2
0.327 ± 0.2
0.071 ± 0.01
0.012 ± 0.005

ppm (Robey data)
0.05 ± 0.2
0.17 ± 0.2
0.34 ± 0.5
0.12 ± 0.2
0.25 ± 0.1
0.59 ± 2
0.24 ± 1
0.3 ± 0.3
0.09 ± 0.4
0.21 ± 0.2

3.000
2.500
2.000

ppm

1.500
1.000
0.500
0.000
-0.500
-1.000
-1.500

Figure 6 Emodin present in each pond with data points outside the standard curve removed. The results
from our lab are in blue, Robey’s results are in orange.
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3.000
2.500
2.000

ppm

1.500
1.000
0.500
0.000
-0.500
-1.000
-1.500

Figure 7 Emodin present in each pond with data points outside the polynomial standard curve calculated
using the linear standard curve. The results from our lab are in blue, Robey’s results are in orange.
140.000
120.000
100.000
80.000
60.000
40.000
20.000
0.000
-20.000
-40.000

Figure 8 Emodin present in ppm, with values and error bars for both our lab data (blue) and Robey lab
data (orange). The data given is made inaccurate by data points outside the standard curve.
The Robey data varied significantly from our results, with the lowest value being 0.05 ppm and no pond
exceeding 0.59 ppm. The standard deviations in these measurements were consistently high, with half
having a confidence interval that exceeded the amount of emodin measured. This is believed to be due
to the fact that Robey analyzed three samples whereas we analyzed five for each pond. Moreover, their
method was different from ours and did not completely extract emodin and may exhibit greater
variability in extraction efficiency. Although both our procedure and the Robey procedure extracted with
ethyl acetate, Robey used wet rather than dry soil. The mass of wet soil can vary significantly in from dry
soil and the water to soil ratio can vary drastically between samples. There are several problems that
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arise from these methods. Wet soil would not give good results as a variable amount of the mass
measured would be water. Furthermore, the density of the soil could not be homogenized since density
would be lower towards the top of the sample and higher towards the bottom due to water evaporation
at the top of the sample and gravity pulling the water towards the bottom of the sample. Finally, the
sample would be compromised yet further by the fact that the soil would not fully absorb the ethyl
acetate because the soil is already at least partially saturated with water. Water and ethyl acetate are
immiscible, which would cause the emodin reported to be lower than the emodin present, because
some would be in the water layer or protected from extraction if the soil is coated in layer of water. In
addition, while ethyl acetate was well suited for extracting emodin out of the soil, in our experiment
ethyl acetate was found to be less effective at redissolving emodin in the evaporated solution than 2propanol.

Implications
Overall, the method presented here for extraction of 1 appears to more accurately quantify emodin in
soil than the method presented by the Robey lab and others, as it is a more complete extraction, which
increases precision, and has been more thoroughly validated by extraction from a spiked soil sample.
Despite this, there is still much room for improvement and the method needs to be more extensively
validated. The irregularity of our collected data is a major concern for our research and suggests that a
different approach should be taken. While the 1.000 g of soil used for samples was homogenized by
mortar and pestle the bulk soil was not. This exposes our data to large shifts if a small amount of
buckthorn root is in one sample that is not in the others. In the future, I would suggest using a ball mill
or other aggressive grinder to homogenize the entire soil sample rather than homogenizing only what
will be used in the HPLC for that trial. This should lead to more uniformity in the data, any plant material
present would still increase the total content of 1 but the statistical uncertainty introduced by localized
high concentrations of emodin in plant material would be greatly reduced.
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Chapter 2: Mechanism of gas phase tetrahydroisoquinoline amine
fragmentation in electrospray mass spectrometry
Introduction:
Electrospray ionization-mass spectrometry (ESI-MS) is the dominant ionization technique for the study
of polar molecules, particularly those separated by high-performance liquid chromatography (HPLC). In
contrast to electron impact ionization-mass spectrometry (EI-MS), the dominant mass spectrometry
ionization method for gas chromatography, ESI-MS is a relatively recent development and has been
commercially implemented for less than 20 years. EI-MS generates highly energetic radical ions that
fragment into odd electron ions by gas phase reactions that have been well known since the 1960s.6 In
ESI-MS, molecules are ionized during evaporation of solvent and are less prone to fragmentation than in
“harder” ionization methods. Molecules are often ionized by protonation/deprotonation via by
Brønsted–Lowry acid–base reactions and/or via Lewis acid–base mechanisms (adduct formation by
interactions between cations or anions from the solvent matrix).7 This type of “soft ionization” does not
typically generate fragments, and does not involve significant radical chemistry. However, to aid in
identification of molecular ions, fragmentation can be generated by inducing collisions of ions with inert
gas through various methods. Identifying the most common reactions of collision-induced dissociation
(CID) is still an active area of research for many types of complex polar organic molecules.
Tetrahydroisoquinolines are a class of bicyclic organic molecules that form the “skeleton” of many
bioactive compounds and drugs. Biosynthetically, they are generally the product of Pictet-Spengler
reactions, a reaction where a β-aryl ethylamine undergoes condensation with an aldehyde or ketone in
an acidic solvent with a catalyst to form β-carbolines and isoquinolines in the synthesis of alkaloids.
Pictet-Spengler reactions will be discussed in more detail in the next chapter. Many
tetrahydroisoquinolines exhibit a two-bond gas phase elimination of nitrogen as NH3. The mechanism by
which this fragmentation occurs is not well documented. Specifically, a protonated secondary amine
R2NH2+ is the site of the cation observed for the parent ion. After fragmentation, the remaining cation is
observed to have lost a proton in addition to NH3. It is unclear how NH3 acquires an additional proton
upon fragmentation. Knowing the mechanism for this fragmentation will allow for more accurate
prediction of the structure of unknown alkaloids isolated from nature.6

Figure 9 Structure of a generic tetrahydroisoquinoline and salsolinol.
Salsolinol was chosen to analyze this mechanism as it is a relatively simple tetrahydroisoquinoline that
can be synthesized from dopamine (2) and acetaldehyde (3). These are usually difficult compounds to
synthesize, as salsolinol (4) and dopamine are catechols. Catechols become quinones, which can
polymerize to make larger molecules, specifically melanin in the case of 2, when exposed to oxygen. This
process is shown in Figure 10. The formation of melanin is especially detrimental to this synthesis as it
has four reactive sites causing it to polymerize very quickly and can easily lead to much of the solution
becoming melanin. However, our lab is uniquely prepared to synthesize salsolinol analogs as we have
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previously published a method8 for performing this Pictet-Spengler reaction regioselectively with
minimal side products. We found that the degradation to oxidized products can be minimized with the
addition of ascorbic acid as a reducing agent. Additionally, generation of ring adducts ortho to the
hydroxyl group can be minimized through high phosphate buffer concentration (>0.3 M). In this study, a
series of deuterated 4 analogs were synthesized and examined by mass spec to determine the
mechanism by which the nitrogen is lost during gas phase fragmentation.

Figure 10. Unwanted side reaction involving the degradation of dopamine into melanin.

Procedures:
Synthesis of Salsolinol (4)
Solid dopamine HCl (2) (10 mg, 53 μmol) and ascorbic acid (4.4 mg, 25 μmol) were added to a centrifuge
tube to make a 2:1 molar ratio. They were then suspended in 100 µL of 0.5 M 7.0 pH sodium phosphate
buffer and 100 µL of acetonitrile (ACN). An excess of acetaldehyde (3), equal to roughly 20 µL, was
added to this mixture to start the reaction. Due to the very low viscosity of acetaldehyde and its low
boiling point only a rough estimate can be given on the amount delivered, which is why an extreme
excess was used. The solution was placed in a 37 °C environment for 3 hours to complete the reaction,
though 2 hours was found to usually be sufficient for the reaction to go to completion. After heating, 10
µL of the product solution was diluted with H2O in a 1:10 ratio and examined by HPLC and LC-MS. The
instrument used for HPLC analysis was a Waters Acquity Ultra Performance Liquid Chromatography
instrument with a photodiode array detector. The method found to provide the best resolution was:
Acquity UPLC BEH C18 column (1.7 µm, 2.1x50 mm); 0.4 mL/min, 0-17.5% acetonitrile in 0.1% TFA over
2.5 minutes followed by 17.5% to 70% acetonitrile in 0.1 % TFA over 1.5 minutes, holding at 70% for 1.0
minute. The resulting reaction should not need purification but, an attempt was made to extract it with
ethyl acetate and brine. The extracted organic layer was then be dried with MgSO4, filtered into a
separate tube, and evaporated under vacuum to yield a solid mass. The yield of this mass would
typically be around 30% with no notable changes in purity so efforts to purify in this manner were
discontinued due to the amount of materials wasted and HPLC yields were used.
Mass spectrometry Analysis
The CID fragments of 4 analogs were analyzed by HPLC-ESI-CID-MS using a Waters Alliance e2695 HPLC
coupled to a Waters SQD2 quadrupole mass spectrometer with capillary voltage at 3.0 kV, cone voltage
at 40 V (to induce CID), desolvation temperature at 450 °C, desolvation gas rate at 900 L/Hr, and source
temperature at 150 °C.

Results:
The method of synthesizing salsolinol was based on prior work in our lab8 and is depicted in Figure 11. A
phosphate buffer of pH 7.0 is required to catalyze the Pictet-Spengler reaction. Other buffers at the
same pH are not effective catalysts. A high concentration of 0.5 M buffer is required to minimize the
production of a known side product that closes the ring ortho to the aromatic hydroxyl group. Ascorbic
acid was added as a reducing agent to inhibit the degradation of dopamine into melanin by oxidation.
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Deuterated salsolinol analogs were prepared using the procedure for synthesizing salsolinol on a 1 mmol
scale with excess acetaldehyde (2 mmol) being used to account for evaporation of this volatile liquid.
The derivatives will be referred to as 4a – 4e according to Table 3.

Figure 11. Reaction scheme for the creation of salsolinol isotopes. The reactants, 2 and 3, are modified at
the specified points to create different variations of the product, 4.

Table 3. Variations on each Salsolinol Isotope.
Name

R1

R2

R3

R4

R5

R6

m/z

4

H

H

H

H

CH3

H

165.08

4a

D

D

H

H

CH3

H

167.10

4b

D

D

H

H

CD3

H

170.13

4c

D

D

D

D

CD3

H

172.15

4d

D

D

D

D

CH3

H

169.12

4e

H

H

H

H

CD3

H

168.11

The R groups are modified by replacing 2 (dopamine HCl) and 3 (acetaldehyde) with commercially
available 1,1 deutero dopamine, 2,2 deutero dopamine, 1,1,2,2 deutero dopamine as needed.
Compound 4f was synthesized with acetaldehyde-d3 and proteo-dopamine HCl. The control was
unaltered 4.
When performed properly, the extraction indicated the reaction went to completion, with no detectable
dopamine remaining. Excess 3 was used to account for the difficulty in measuring 3 accurately due to its’
extremely low viscosity and very low boiling point. The excess acetaldehyde that was not used in the
reaction was easily removed by evaporation and did not affect the synthesis. However, it was found that
in cases with an extreme excess of 3 a byproduct formed that interfered with results by reducing the
purity of the isotope. Solutions containing this byproduct were often colored a dark orange or red,
making them easy to identify. Although ascorbic acid should reverse the reactions of oxidation in the
presence of molecular oxygen in air, it is advised to not use more than a 20:1 acetaldehyde: ascorbic
acid ratio when performing this reaction.
We have observed that tetrahydroisoquinolines exhibit an unusual two bond gas phase elimination of
nitrogen from the molecule upon collision-induced dissociation in the MS spectra. An understanding of
this mechanism will give the reaction predictive power for structure elucidation of unknown alkaloids in
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nature. In this work we have synthesized isotopically labeled analogs of the salsolinol, as presented in
Figure 12 - Figure 17.

Figure 12. LC-MS mass spectrum of 4.

Figure 13 LC-MS mass spectrum of 4a
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Figure 14 LC-MS mass spectrum of 4b

Figure 15 LC-MS mass spectrum of 4c
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Figure 16 LC-MS mass spectrum of 4d

Figure 17 LC-MS mass spectrum of 4e
The parent peak was easily identified for each experiment, so there was no significant interference from
the reaction mixture despite the lack of a purification step. From these spectra we noticed that the usual
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M+–17 ammonia fragment appears when deuterium is not incorporated. Since deuterium weighs one
more atomic mass than hydrogen an M+–18 fragment appeared when a deuterium was lost from the
molecule and incorporated into ammonia. Figure 13 and Figure 16 indicate that no deuterium atoms
from the methylene arm of dopamine were incorporated into ammonia, suggesting that these
hydrogens were not involved in the mechanism for nitrogen elimination. On Figure 14, Figure 15, and
Figure 17 the M+–18 fragment was present. The only deuterated group that was consistent with these
isotopes and was not on the others is the CD3 group. This evidence suggests that one, and only one,
deuterium from the CD3 group of was incorporated into ammonia forming NH2D. From this information
we concluded that this was the group that provided the third hydrogen needed to perform the
elimination of ammonia in salsolinol and that this was a transfer rather than an equilibrium reaction.
The proposed mechanism is displayed in Figure 18 and resulted in a resonance stabilized benzylic cation:

Figure 18. Proposed mechanism for elimination of ammonia in salsolinol.
Since this ammonia loss fragmentation is unusual, knowing its mechanism could help identify unknown
tetrahydroisoquinolines in the future. Furthermore, knowledge about salsolinol specifically could help in
identifying and possibly treating alcoholism as salsolinol is produced by the liver after ingestion of large
amounts of alcohol. During this experiment we never deuterated the aromatic ring which would have
made our conclusion even more even more complete. We do not expect these hydrogens to play any
important role in the mechanism but in the future, we may want to create isotopes that deuterate the
aromatic ring to make our analysis more complete.
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Chapter 3: Design of a novel bioconjugation reagent based-on the PictetSpengler reaction
Introduction
Bioconjugation is the coupling of selective substrates with specific biomolecules. Given the central
importance of proteins in biochemistry, most bioconjugation reactions involve modification of amino
acids, often lysine, tyrosine, and cysteine.9 One method of bioconjugation with amino acids is the
aldehyde tag method.10 The aldehyde tag method involves using a short peptide tag derived from the
sulfatase motif that is recognized by formylglycine-generating enzyme (FGE) to create a site for protein
modification. FGE (Depicted in Figure 19) is an enzyme that catalyzes the formation of formylglycine
from cysteine. The substrate binds with copper, which increases reactivity with oxygen, enabling the
oxidation of a cysteine residue, which generates a sulfate ester as a waste product. Sulfatases, enzymes
that remove sulfate esters through hydrolysis, are then activated by the presence of these new sulfate
esters to break them down. Without these FGE could still function but would cause sulfate esters to
build up and cause adverse health effects. FGE is a very selective enzyme so there is very little chance of
side reactions.

Figure 19. A simplified diagram of FGEs reaction with cysteine.11
Aldehyde tags (Figure 20) are usually used on cell surfaces and extracellular space. This avoids unwanted
side reactions that can occur in more active areas of the cell. Aldehydes are very reactive electrophiles
and many metabolites inside a cell are nucleophilic. Additionally, synthetic substrates to react with the
aldehyde can be challenging to transport into a cell. In practice, the use of an aldehyde tag involves first
fusing the tag with the protein that is intended to be modified, the activation of FGE converting the thiol
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to an aldehyde, then probing the carbonyl with a hydrazone, oxime, or other nucleophilic group to form
a stable adduct that is less susceptible to hydrolysis.

Figure 20. General scheme of the process by which an aldehyde tag functions12
The classic Pictet-Spengler reaction is a reaction in which a β-aryl ethylamine undergoes condensation
with an aldehyde or ketone in an acidic solvent with a catalyst to form β-carbolines and isoquinolines in
the synthesis of alkaloids (see Figure 21. A depiction of the classic indole Pictet-Spengler ligation and the
modified version used by the Bertozzi lab.12). This reaction was known to occur in plants in alkaloid
synthesis pathways long before enzymes catalyzing the reaction were discovered.13 It uses a relatively
low energy pathway for forming a covalent carbon-carbon bond via electrophilic aromatic substitution
(EAS) on an electron-rich aromatic ring. Although this reaction has been primarily utilized for organic
synthesis, its characteristics make it potentially useful as a ligation reaction for bioconjugation,
specifically site-specific protein modification using aldehyde tags. Site specific protein modification has
several uses such as attaching a reporter molecule to a specific site, preparing protein microarrays in a
specific orientation, or the conjugation of protein drugs with a cytotoxic molecule.14
Currently, many reaction chemistries that fall under the category of “click chemistry” are effective for
bioconjugation.15 “Click Chemistry” is a class of reactions that are one-pot, generate few or no
byproducts, have high specificity, and have a high thermodynamic driving force rendering them
irreversible. The azide-alkyne Huisgen cycloaddition is the most widely used click chemistry reaction and
is used for bioconjugation.16 Since neither alkynes nor azides are commonly found in biomolecules, this
cycloaddition reaction is highly selective. However, introduction of these abiotic functional groups into
biomolecules in the first place is challenging. For this reason, enzymatic functional group modifications,
such as aldehyde tagging, are extremely powerful. Since the Pictet-Spengler reaction forms covalent
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bonds with aldehydes, it represents a potentially important addition to the bioconjugation toolbox by
forming bonds that are more stable than the oximes that are typically used. The team of Agarwal,
Bertozzi, et al. were able to modify the Pictet-Spengler ligation to be used for protein modification.17
They modified the indole Pictet-Spengler reaction by replacing the aliphatic amine of tryptamine with an
aminooxy moiety using the aldehyde tag method they developed and moved the indole substituent
from the 3 position to the 2 position. Both steps were found to accelerate the reaction rate.
Furthermore, they methylated the aminooxy group to form a reactive oxy-iminium intermediate that
would allow a stable, irreversible C-C bond to form at a rapid rate via intramolecular EAS (see Figure 21).

Figure 21. A depiction of the classic indole Pictet-Spengler ligation and the modified version used by the
Bertozzi lab.12
This reaction has great potential for site specific protein ligation. However, it is limited by the need for
acidic conditions, which can denature many biological molecules. Additionally, the reaction rate remains
slow despite the steps taken to accelerate it. The goal of this project is to modify the Pictet-Spengler
reaction such that it is efficient at biological pH (ca. 7) and biological temperatures, the condition under
which most biomacromolecules have evolved to be most stable.
Although the indole Pictet-Spengler reaction is most common, phenethylamines can also undergo the
Pictet-Spengler reaction to form the six-membered ring of a tetrahydroisoquinoline (see Figure 22. The
Pictet-Spengler mechanism for phenethylamine with an electron donating OH group in the meta
position.). Historically, this reaction has found less synthetic utility than its indole equivalent due to the
harsh conditions typically employed, e.g. reflux in trifluoroacetic acid solvent. Having an electron
donating group in the position meta to the ethylamine group significantly enhances the nucleophilicity
of the carbon atom at the para position and lowers the activation energy of the electrophilic attack such
that the reaction occurs readily at room temperature when an appropriate catalyst is present. The
ortho-phosphate anion in phosphate buffer has been demonstrated to be selectively catalytic for this
reaction.18 Several different buffers have been evaluated and only phosphate appears to catalyze the
reaction significantly.19, 8, 20 Phosphate-specific catalysis of the Pictet-Spengler reaction occurring under
mild conditions with compounds related to 5 (3-[2-aminoethyl] phenol) have been overlooked in
reviews devoted to this reaction and the reaction with phenethylamines is usually characterized as
requiring harsh aprotic conditions.7 This catalytic selectivity can be used to harness the chemical PictetSpengler reaction for the study of Pictet-Spenglerase enzymes or catalyze it for synthesis purposes.15
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Figure 22. The Pictet-Spengler mechanism for phenethylamine with an electron donating OH group in the
meta position.
Although phosphate catalysis is significant, practical synthetic scale reactions still take approximately 2–
3 hours at modest 20 mM phosphate concentrations commonly found in biological buffers. The Bertozzi
group’s optimized indole Pictet-Spengler reaction completes in approximately one hour, accelerating
the rate by two orders of magnitude over the original indole Pictet-Spengler reaction.13 Thus, we
propose that we should observe comparable rate enhancements in rate of phosphate catalyzed
condensation with analogs of 5 through introduction of the alpha effect, the increased nucleophilicity
that occurs when a nucleophile has a neighboring electronegative alpha atom with a free electron pair.21
This effect is believed to be the result of the free electron pair on the alpha atom increasing the
effective electronic density of the reaction center. Though the exact causes of the alpha effect are still a
topic of debate, it remains an observable effect that can be utilized to make the nitrogen atom of the
amine group much more nucleophilic to promote a faster Pictet-Spengler reaction, making it a more
viable option for site specific protein ligation. Herein, we propose to compare the Pictet-Spengler
reaction rates of three species known to exhibit the alpha effect (6, 7, and 8) to the rate of the amine
functional group (5). These are hydrazine (6), hydroxylamine (7), and hydroxamic acid (8) products
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(Figure 23). Their syntheses are detailed in Figure 25, Figure 26, and Figure 27.Figure 21

Figure 23. Target molecules for the hydrazine (6), alkoxyamine (7), hydroxamic acid (8), methylated amine
(9) kinetics experiments.
After optimization of the reaction rate via the alpha effect, we also seek to determine the effects of
mono-methylation at the primary amine on the reaction rate and selectivity of a Pictet-Spengler
reaction. Given that Bertozzi also used an N-methyl substitution to accelerate rate (Figure 21), we
hypothesize that we can use the N-methyl group to achieve a similar purpose. For our purposes, an Nalkylated compound would be most effective for the purposes of site-specific protein modification as it
provides an easily available site for substitution. The secondary amine product of this Pictet-Spengler
reaction can also react with aldehydes to form imines, potentially leading to undesirable cross-linking.
By methylating, the secondary amine product formed should not undergo further reactions such as
hydrolysis. However, the addition of an alkyl group in this compound could possibly slow the rate of
reaction by too much to be practical. To observe the effect of mono-alkylation the Pictet-Spengler
reaction, compounds 5 and 9 will also be directly compared.
The overarching goal of this project is to generate a bifunctional tool for protein ligation by attaching an
alkyne or azide group to the amine. If an alkylated aminooxy compound could be synthesized it would
make applying this project to protein modification much easier. With this, we would be able to use the
aldehyde tag method to modify proteins in biological conditions cheaply, specifically, and efficiently. A
proposed scheme is shown in Figure 24. Should we succeed, this reaction will be cheaper, cleaner, and
easier to implement than the Bertozzi reaction.
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Figure 24. Basic scheme for the compounds that are the end goal of this project, 15 and 16. This will be
elaborated on when discussing the rest of our plans for the future of this project.

Results
One of the first major challenges this project faced was the difficulty of purifying our target compounds.
As the pKa of phenols, amines, and hydrazines are all very close to 10 once they are added to a
benzyloxy group. This eliminates many purification methods as they cannot be extracted into an organic
solvent and mixed ionizaion states makes chromatography challenging. This leaves recrystallization and
sublimation as the most viable purification methods. Recrystallization was chosen because it was
believed to require the fewest materials to obtain the highest purity. Sublimation, which typically gives
very low recovery at the small scales we were working at, was not explored. We were unable to
synthesize any of the target compounds with sufficient purity to evaluate the alpha-effect and Nsubstitution on the phosphate catalyzed Pictet-Spengler reaction. However, several intermediates en
route to this goal were synthesized with acceptable purity and characterized, as described below.
For the first two syntheses we chose to protect the phenol to prevent unwanted side reactions. Next,
we chose to chlorinate the benzyl alcohol group using thionyl chloride because it was a short,
straightforward procedure using relatively low-cost reagents that produces easy to remove side
products in liquid HCl and gaseous SO3 and could be repeated easily, making it a cheap synthesis with
less waste should it run into problems. The addition of more thionyl chloride can also push the reaction
to completion in the case of losses due to moisture in the air, without the loss of any materials.
Recrystallization was chosen for the purification method both because of the limitations given above
and because the side products we expect from each step in the syntheses of 6 (Figure 25) and 7 (Figure
26) should not crystallize making them easy to filter from the mother liquor (e.g. benzyl chloride is the
side product of the final deprotection step).
For the synthesis of 8 (Figure 27) we chose to acylate both oxygens as the acetyl groups can be removed
by anionic hydroxylamine at low temperature and the nucleophile should selectively react with the meta
acetoxy carbonyl over the other carbonyls so long as the temperature is low enough to only allow the
most favorable reaction to proceed.
The status of each synthesis will be detailed below.
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Figure 25. Synthesis scheme of 6.

Figure 26. Synthesis scheme of 7.

Figure 27. Synthesis scheme of 8.
The first compound we set about to synthesize was 10 since it was needed for the synthesis of both 6
and 7. One problem that occurred was the reflux heating not being done under dry conditions by
covering the flask with a rubber stopper and pushing through inert nitrogen gas. If the conditions were
not completely dry and protected from air, the solution would continue to pick up moisture from the air
and eventually hydrolyze, potentially continuing to hydrolyze until we were left with the starting alcohol
in a solution of HCl. Thionyl chloride also breaks down rubber, so a tall condenser needs to be used to
keep the fumes away from the stopper as much as possible to avoid contaminating the solution with
rubber. Once the conditions were optimized to be as dry as possible, this reaction was straightforward
and even when analysis revealed that 10 still has some of the starting alcohol present, more thionyl
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chloride could simply be added and the solution could be refluxed again to increase yield. Figure 28
displays the results of 10 after analysis with 1H NMR spectroscopy.

Figure 28 1H NMR spectrum of 10 in DMSO
The hydrogens bonded to carbons 1 and 9 are represented by the two peaks at 4.7 and 5.1 ppm. The
hydrogens on carbon 9 are expected to shift further due to their proximity to oxygen so the 5.1 ppm
peak can most likely be attributed to it. The product has the expect splitting for the aromatic hydrogens
between 7–8 ppm. As one of the hydrogens on the first aromatic ring will be closer to oxygen than the
other three, it will be shifted left into the range where the hydrogens of the other ring are. This results
in the nine hydrogens appearing as a group of six and three as opposed to a group of five and four that
an ortho or para compound would produce. The integral of the CH2Cl is about 10% lower than expected.
This is expected due to the long spin-lattice relaxation of such rapidly rotating functional groups. In
principle, significantly increasing the dwell time between scans should eliminate this artifact, but it was
not thought necessary to test this.
The mass spectrum from GC-MS data in Figure 29 indicates the presence of the parent ion, the loss of
chlorine, and the tropylium ion that the benzyl cation rearranges into. The GC chromatogram showed no
products besides 10, trace amounts of the solvents used for extraction, and small amounts of the
starting reagent. Overall, there is conclusive evidence that 10 was synthesized and in high purity.
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Figure 29 GC-MS data of 10. This compound has a retention time of 13 minutes. The major peaks
present are the parent peak of 232 m/z, the benzyloxy benzyl fragment at 197 m/z, and the tropylium
peak at 91 m/z
Initial attempts at synthesizing 11 were not successful. It was concluded that the hydrazine
monohydrate we were using had too much water present in it. Hydrazine is a highly toxic and flammable
substance so even more precaution should be taken when working with it than other substances in this
synthesis.22 The chemical fume hood should have its flow rate increased if possible and no sources of
heat should be present within the fume hood while working with hydrazine. A modified procedure was
then devised to dehydrate the hydrazine to acceptable levels. Once this was done, the synthesis of 11
went much more smoothly. Once again dry conditions were needed to prevent hydrolysis. The last issue
that occurred with this synthesis was determining what solvent to use for recrystallization. Methanol
could not be used because 11 was too soluble in it to recrystallize with acceptable yield, however it was
useful to separate any insoluble salts in the mixture. Acetonitrile ran the risk of reducing to an amine
due to the presence of HCl. If acetonitrile were reduced to an amine it would perform a Pictet-Spengler
reaction with 11 so it could not be used. Ethanol was not as soluble as methanol but 11 was still too
soluble to perform a good recrystallization. We eventually found that isopropanol was suitable, as 11 is
slightly soluble in it. Methanol was also used first to remove insoluble salts so that the filtrate from the
isopropanol recrystallization could be analyzed by GC-MS for the presence of significant amounts of 11,
without damaging the GC-MS. If a significant amount was found the filtrate would be recrystallized
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again. Figure 30 presents the 1H NMR data of 11.

Figure 30 1H NMR spectrum of 11 in MeOD. There is evidence for all the major peaks that are expected
but the large solvent peak at 3.3 and water peak at 4.9 ppm makes substantial phase adjustments
necessary. Furthermore, there is some contamination from the propanol used to recrystallize the
compound at 2.8 and 3.7 ppm.
The 1H NMR spectrum from Figure 30 could only have resulted from a meta substituted compound. The
hydrogen on carbon 13 is shifted further to the left than it would usually be as a result of its proximity to
the oxygen, leaving it in roughly the same position as the five hydrogens in the first aromatic ring. This
results in the nine hydrogens of the two aromatic rings being divided into groups of three and six. If this
were an ortho/para compound the division would be a group of five and a group of four. There would be
splitting in that group of four as well, with the two hydrogens closest to oxygen being farther to the left
than the two nearest to nitrogen. There are a few additional peaks in the 1H NMR spectra but those are
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most likely a result of the propanol used to recrystallize. The GC-MS data of 11 is presented in Figure 31.

Figure 31 GC-MS data of 11. The retention time of this compound is 14.23 minutes, with the largest
byproduct being a compound with a retention time of 11 minutes. The major peaks present are the
parent peak 228, a McLafferty peak at 198, and a tropylium peak at 91 m/z.
The GC-MS spectra of 11 has an elution time of 14.2 minutes and displays fragments that support the
presence of the parent ion, a McLafferty peak for the loss of N2H3, tropylium ion, and a small amount of
benzyloxy benzyl ions. We can conclusively say that 11 was synthesized selectively and purely.
We experienced issues of contamination with hydroxybenzoic acid during the synthesis of 6. The GC-MS
data of 6 is depicted in Figure 32 while the GC-MS data of the contaminant is depicted in Figure 33. The
major contaminant to this reaction has been identified as hydroxybenzoic acid. Although they have the
same mass and similar retention times on GC-MS, hydroxybenzoic acid had a retention time that was
approximately 0.3 minutes earlier than 6 and lacked the 107 m/z peak that indicated the presence of a
benzyloxy ion. We have been unable to synthesize 6 with a more than 50% yield as of yet.

Figure 32 GC-MS data of 6. This compound has a retention time of 9.93 minutes but even the purest
sample that was synthesized still had roughly half the yield as benzoic acid. The major peaks are the
parent peak at 138, a benzyl hydrazine peak at 121, hydroxybenzene peak at 107, and the expected
aromatic peak at 77.
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Figure 33 GC-MS data of the major contaminant of compound 6, hydroxybenzoic acid. While the mass is
the same the retention time is 9.5 minutes and it lacks the key 107 m/z peak that would denote a
benzyloxy ion.
Identification of the contaminant will make it feasible for us to find a way to purify with either
recrystallization with a different solvent or exploring alternate purification methods like flash column
chromatography in the future. Should that fail, sublimation could also be a valid method for purification
of this small molecule despite its low recovery.
We experienced several problems in our attempts to synthesize 12. The first was procuring sodium
ethoxide. Sodium ethoxide is relatively easy to synthesize from mixing sodium metal and ethanol in dry
conditions, however, this method is difficult to make a precise molar amount with. Cutting sodium metal
was difficult to do precisely, and our measurements for mass were also subject to inaccuracy from the
need to dissolve the protective oil off the sodium metal with hexanes, which may not evaporate
completely before massing. We switched to using 60% sodium hydride as the protective wax that made
up the 40% did not react with any other reagent and therefore the sodium hydride powder was easier to
obtain precise measurements with. The next issue was the discovery that performing the reaction
outside of dry conditions would gradually cause the solution to hydrolyze. This was expected during the
creation of sodium ethoxide but not foreseen for the reaction that generates 12. While the hydrolysis is
a slow process, it will generate byproduct that cannot be easily reversed like in the synthesis of 10.
Additionally, we initially were measuring N-hydroxyurethane by volume instead of mass. As a viscous
liquid, N-hydroxyurethane is very difficult to accurately measure the volume of so this would often
result in incomplete reactions. We also found that the N-hydroxyurethane we were using for this
reaction had absorbed water from the environment and was contaminating our solutions from the start,
though not so much as to render synthesis impossible. The reaction of N-hydroxyurethane with 10 was
slow, requiring 36 to 48 hours to complete at room temperature. Placing it in mild heat of roughly 30-35
°C accelerated the reaction enough to complete overnight, though any more heat than this is not
advised as it can cause the sodium ethoxide to boil vigorously enough that the pressure removes the
rubber stopper before the solution has finished mixing. The data in Figure 34 and Figure 35 come from
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the synthesis of 12 under gentle heating.

Figure 34 1H NMR spectrum of 12 in MeOD. There is evidence of peaks associated with each of the alkyl
carbons, the water contamination makes their integrals larger and the peaks more difficult to pick out
however, especially carbon 7. It is worth noting that the NH is shifted to the point that it overlaps with the
first group of aromatic hydrogens, which would leave one too few hydrogens in that region.
The 1H NMR spectrum presented in Error! Reference source not found. approximately follows the
expected spectrum of 12. The integrals for the hydrogens on the nitrile and last two carbons were
higher than expected. This is believed to be due to N-hydroxyurethane remaining in the solution. The
three hydrogens attached to carbon 14 were used to normalize the integrals for this 1H NMR spectrum.
If there was still N-hydroxyurethane in the solution it would contribute to this integral and normalizing it
to three would cause every integral that is not shared by N-hydroxyurethane to appear smaller than it
should be. The only peaks that would be shared between the two are the peaks for the hydrogens on
carbons 13 and 14. This would partially explain why the integrals of the aromatic hydrogens only add up
to 8.5 instead of 9, potentially 10 in that region if the hydrogen bonded to nitrogen shifted into that
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region. The GC-MS information in Figure 35 is less informative, but 12 appears to elute at 16.8 minutes.

Figure 35 GC-MS data of 12. This compound has a retention time of approximately 16.75 minutes. The
parent ion of this coupling reaction does not display strongly but is present at 301 m/z. The characteristic
peaks are the 197 peak that would correspond with a benzyloxy benzyl ion and the small McLafferty peak
at 214 m/z. The majority of characterization comes from 1H NMR data.
The parent peak is present and there is a minor peak that could correspond to a loss of an Nhydroxyurethane fragment. This peak is unusual in that it has much larger M+1 and M–1 peak than M in
the EI mass spectrum. The most prominent peak present is the one that corresponds to the loss of Nhydroxyurethane.
The synthesis 7 was also not completed, but the attempts are detailed here. Initially, the preparation of
13 appeared to be successful because one major product was observed and the expected benzyloxy
fragments were observed by GC-MS spectrometry, however the mass of the parent ion was 40 mass
units higher than expected (Figure 36).

Figure 36 GC-MS data of our attempt to synthesize 13. Initially thought to be 13 in the presence of NaOH
this is likely an entirely different compound, as it is what crystallizes instead of 7 when the synthesis
concludes.
After carrying-out the final deprotection reaction this same compound crystallized instead of 7. The
identity of this species is still unknown.
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The scheme in Figure 27 outlines our attempt to synthesize hydroxamic acid derivative, 8. First we
attempted to use mechano-chemical activation to synthesize 14, however attempts with a mortar and
pestle revealed, at best, a 1% completion rate for the reaction after an hour of grinding. Without proper
equipment like a ball mill this method is not viable. The method we decided on was to use a microwave
to provide the energy needed for the reaction. With this method we were able to reliably synthesize 14
and produce the GC-MS spectrum displayed in Figure 37.

Figure 37 GC-MS data of 14. This peak has a retention time of 10.95 minutes and major peaks include the
parent 222 m/z peak, the M-44 peak of 180 m/z, the M-59 peak of 163. The 138 m/z and 121 m/z peaks
seem to correspond with hydroxybenzoic acid and benzoic acid respectively. These are more likely to be
fragments of the activated benzoic acid rather than evidence that the compound did not react as
hydroxybenzoic acid does not elute at this retention time. The single acylation variant has a retention
time of 10 min, and also features a 180 m/z parent peak that is easy to differentiate from 14.
This compound had a retention time of 11.0 minutes and its major ions include the 222 parent ion, M44, M-59, M-84, and M-101 ions. When 14 did not acylate on both sites then the singly acylated form
was present at 10.0 minutes. The final step, 8, required basic hydroxylamine, which was generated from
the HCl salt we had available. The major difficulty was that 8 was not easily detected or characterized. It
did not appear on GC-MS spectrum, several key peaks are missing on the 1H NMR spectrum, and nothing
but the parent ion can be found on LC-MS. UV-VIS analysis revealed that 14 was transformed but we
lack conclusive evidence that is the isolated product was in fact 8. Due to the difficulty of
characterization, it is difficult to conclusively say whether 8 was synthesized.

Future Work
Due to time constraints, the ultimate objectives of this project have not yet been completed. Moving
forward there are several next steps planned. A significant issue this project will face in the synthesis of
15 and 16 will be how to perform an alkylation on a primary amine. Simply reacting the alkyl chloride 10
with a methyl hydroxylamine will not work due to selectivity problems. This method requires protecting
the phenol group and it is not feasible to deprotect it and still retain our methylated amine.
Furthermore, this would only allow us to obtain a methylated hydroxylamine and would not help with
synthesizing compounds which required a primary amine specifically. In addition to the problems with
selectivity amine methylation also runs into the issue of purification. If over-alkylated side products are
present, it is difficult to purify the desired mono-methylated amine. The approach we propose23 is to
react the amine with tert-butyloxycarbonyl anhydride (Boc)2O and then convert the group into a methyl
with LAH.24 There is precedent selective reaction of the Boc group with amines over phenol groups,
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especially at low temperatures.25 Although it is an unusual application of the Boc group, there are
reports that a Boc group can be converted to a methyl group in the presence of LAH resulting in the
desired mono-alkylated aminooxy compound. Precedent for this use of the Boc protecting group was
found in the published work of Moon et al.24 who performed this synthesis with a para isomer of 5,
reporting a 90% isolated yield without the need for protecting groups. The Moon paper provides no
details of their method, so this reaction will require some development. We expect that at least five
equivalents of LAH will be required for the reaction to progress by the scheme in Figure 38. Should it
prove effective with our meta isomer, this would be a high yield synthesis with no byproducts and no
need for protecting groups.

Figure 38. Proposed scheme for the synthesis of a methylated 5 using (BOC)2O and LAH. Aminophenol 5
will be used as the starting material to generate the product, 9.
The methylation reaction discussed above will be useful for evaluating the specific effect of alkylation on
the N-nitrogen. If N-alkylation proves to accelerate, or at least fails to slow, the rate of the PictetSpengler reaction, we will proceed to prepare our targets 15 and 16 with azide and alkyne functional
groups. If 15 and 16 can be synthesized as planned, we will have a bifunctional tool that we can use with
the aldehyde tag method to perform site-specific protein modification.
Finally, the method this experiment planned to use to compare reaction rates was a kinetics assay with
sodium phosphate buffer.26 In order to ensure that the results of the assay will be consistent, the ionic
strength and molarity of the buffer needed to be constant.26 With the addition of salt the ionic strength
for each buffer will be set at 0.3 M. This relative molarity for the catalyst is not absolutely necessary,
however, past work in our lab has demonstrated that this concentration minimizes production of the
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isoTHI regio-isomer to form more of the desired THI regio-isomer.18

Figure 39 Structure of THI and isoTHI. This figure details the structures of the desired product of the
kinetics assay THI and it's regio-isomer isoTHI.
Several molarities of buffer were also prepared to test if phosphate catalyzed the reaction as results
from a previous project in this lab indicated. The molarities of buffer generated were 0.13 M, 0.10 M,
0.07 M, and 0.05 M. A 0.1 M maleic acid buffer of 0.3 M ionic strength was also generated to serve as a
control for this reason. Although the compounds this assay was intended for were not properly
synthesized a control assay was successfully run using 5 and it was determined that the ultimate
experiment will be straightforward once these compounds are obtained.

Synthetic Methods
Synthesis of 3-benzyloxybenzyl chloride (10)
Following a literature procedure,27 3-benzyloxybenzyl alcohol (1.0 g, 4.7 mmol ) was mixed with thionyl
chloride (2 mL). This was refluxed for 2.5 hours. Once the sample cooled the excess thionyl chloride was
evaporated by vacuum. The remaining sample was then dissolved in DCM and separated with sodium
bicarbonate and water. The organic layer was then collected and dried with MgSO4 before any
remaining solvent was evaporated by vacuum overnight. Yield varied over the course of several
experiments but usually fell within 85-90% yield (0.92g – 0.98 g). The identity of the compound was
confirmed by GC-MS data (retention time 13.0 min significant peaks at m/z 232, 197, 91) and 1H NMR
data: (MeOD, 300 MHz) δ 4.7 (2H, s, CH2Cl), 5.1 (2H, s, PhCH2O).
Dehydrating hydrazine monohydrate
In order to dehydrate hydrazine, it was necessary to add 1 mL of it to 1 gram of anhydrous KOH and
reflux for three hours. At that point 1 gram of anhydrous NaOH was added and the hydrazine was
distilled off under dry conditions. Since this involved hydrazine vapors being released the chemical fume
hood was turned up to a higher flow and extra caution was taken to ensure that the solution was kept a
foot away from the entrance of the chemical fume hood. While hydrazine monohydrate cannot be fully
dried, it can be somewhat dehydrated using this method which will lower the amount of hydrolysis
occurring when it is used. This partially dehydrated hydrazine will be referred to as “dry” hydrazine.
Synthesis of 3-benzyloxybenzyl hydrazine (11)
Following a literature procedure, 19 1.16 g (5 mmol) of 3-benzyloxybenzyl chloride was mixed with 2.00
mL of dioxane. Dry hydrazine monohydrate and dry ethanol were then added in excess and the reaction
was heated under reflux in dry conditions overnight. After the mixture cooled excess solvents were
evaporated under vacuum and the remaining residue was mixed with an excess of 10% HCl in water.
This mixture was then recrystallized from methanol to remove any insoluble salts and other solid
byproducts that may have formed from the reaction before being recrystallized from isopropanol at

36
least twice to yield 1.02 g (4.45 mmol, 89% yield) of fine white crystals of 3-benzyloxybenzyl hydrazine
as a hydrochloride salt. The compound was examined by GC-MS data (retention time 14.2 min, major
peaks at 228, 198, and 91 m/z, minor peaks 213 107 m/z) and by 1H NMR data (MeOD, 300 MHz) δ 4.2
(2H, d, CH2NH), 5.1 (2H, s, PhCH2O)).
This reaction was prone to the formation of impurities and loss of product at each step so a GC-MS had
to be taken of each filtrate and each solid to confirm that the final solid was in fact pure and that a
significant amount of benzyloxy benzyl hydrazine was not lost to the filtrate. While benzyloxy benzyl
hydrazine is soluble in methanol and should not crystallize, any insoluble salts were removed by
recrystallization in methanol. The isopropanol filtrate was then examined by GC-MS to determine if
there was a significant amount of BzOBz hydrazine in said wash.
Synthesis of 3-hydroxybenzyl hydrazine (6)
Following a literature procedure,19 the previously synthesized 1.02 g (4.45 mmol) of 3-benzyloxybenzyl
hydrazine was dissolved in a mixture of concentrated HCl and ethanol. This solution was then reflux
heated overnight. The ethanol was then evaporated by vacuum and water and ether were added to the
solution. The aqueous layer was then separated and evaporated to give 3-hydroxybenzyl hydrazine.
However, this could not be done with satisfactory purity during the time constraints of this project.
Synthesis of hydroxamic acid 8
Following a literature procedure,28 1.38 g (10 mmol) of the starting material, 3-hydroxybenzoic acid,
was activated by mixing it with an excess of acetic anhydride, upwards of 10 times the molar equivalent
to ensure complete activation, and a catalytic amount of iodine. This mixture was microwaved at 300
watts, 65 degrees Celsius for 20 minutes to acylate both OH groups. The compound was confirmed to be
14 (Retention time: 10.9 min, major peaks at 180, 163, 138, and 121 m/z. Minor parent peak at 222 m/z)
by GC-MS. This activated compound was evaporated under vacuum, then stirred with an equimolar
amount basic hydroxylamine in cold temperatures using an ice bath. The sample was stirred overnight in
cold temperatures before being analyzed by LC-MS spectroscopy and 1H NMR spectroscopy.
Converting hydroxylamine hydrochloride from acidic salt to basic solution
In order to generate basic hydroxylamine 1.0 g (15 mmol) of hydroxylamine hydrochloride was dissolved
in 10 mL of methanol, then added to a cold solution of 4.0 mL of methanol and 0.84 g (15 mmol) of KOH.
This solution was then stirred for 15 minutes while cold before being vacuum filtrated to remove the
solid potassium chloride.
Synthesis of 12, 13, and 7 following Figure 26
Following a literature procedure,29 1.0 g (4.3 mmol) of benzyloxy benzyl chloride was added to a mixture
of 0.29 g (4.3 mmol) of sodium ethoxide and 0.45 g (4.3 mmol) of N-hydroxyurethane in dry conditions.
Sodium ethoxide was originally prepared with sodium metal, rinsed with hexanes to remove the
protective oil, and massed. However, between tearing the sodium metal and unevaporated hexanes still
on the metal it was difficult to get an equimolar amount of sodium with the desired degree of precision.
A powder of 60% NaH in excess dry ethanol was found to be easier to measure. This reaction was found
to take more than 24 hours at room temperature but could be refluxed with mild heat to go to
completion overnight. If not performed in dry conditions a portion of the mixture will be hydrolyzed by
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the water in the air, reducing the yield of the reaction. Optimal conditions resulted in 0.91 g of 12 (3.01
mmol, 70% yield). The coupling reaction was confirmed by GC-MS data (Retention time: 16.8 min, minor
parent peak 301, major peaks at 197 and 91 m/z). It was further confirmed by 1H NMR spectroscopy
(MeOD, 300 MHz) δ 1.1 (3H, s, CH3), 4.6 (2H*, s, CH2CH3), 5.1 (2H*, s, CH2O), 6.9 (3H, m), 7.1 (6H, m).
Once the initial reaction was judged to have gone to completion it was placed in 0.34 grams of NaOH
diluted to 0.10 M in water and reflux heated for two hours. A GC-MS analysis of this solution confirmed
the presence of a 270 m/z compound with a significant 197 m/z fragment. This could coincide with the
desired product mixed with NaOH. The ethanol was then evaporated under vacuum and the solution
was separated with ether and brine no fewer than three times. The organic layer was then extracted
and dried with MgSO4 before being concentrated to no more than 3 mmol/mL if necessary. What was
expected to be 3-hydroxy alkoxyamine was then precipitated with an equimolar amount of ethanolic HCl
added dropwise and washed with ether. However, the product formed was instead a 270 m/z
compound that appeared to be the same as the previous step.
Kinetics Assays
The initial control assay was run with 5.4 µL of 5 hydrochloride salt, 65 µL of propanal, and 994 µL of
phosphate buffer. The formation of THI and isoTHI was monitored by HPLC alongside the disappearance
of tyramine. This was then used to calculate the reaction rate of these compounds and with that
information a head-to-head analysis was planned, using our synthesized 6, 7, and 8.
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Appendix

Figure 40 HPLC data of 10

Figure 41 HPLC data of alkoxyamine coupling reaction, 12

Figure 42 HPLC of 11
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Figure 43 HPLC data of diacylated benzoic acid, 14

Figure 44 HPLC data of the hydroxamic acid product, believed to be 8
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